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Abstract 
 
The paper presents results of research on the influence of multistage heat treatment on microstructure and properties of high-chromium 
martensitic GX12CrMoVNbN9 – 1  (GP91) steel. The material under investigation were samples taken out from a test coupon. Heat 
treatment of GP91 cast steel was performed at the parameters of temperature and time typical of treatment for multi-ton steel casts. The 
research has proved that in the as-received condition (as-cast state) GP91 cast steel was characterized by a coarse grain, martensitic 
microstructure which provided the required standard mechanical properties. The heat treatment of GP91 cast steel contributed to 
obtainment of a fine grain microstructure of high tempered martensite with numerous precipitations of carbides of diverse size. The GP91 
cast steel structure received through heat treatment made it possible to obtain high plastic properties, particularly impact strength, 
maintaining strength properties on the level of the required minimum. 
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1. Introduction 
 
Advancement of the conventional power engineering is 
connected with aiming at limitation on greenhouse gases emission 
into the atmosphere, the so-called greenhouse gases, and 
increasing the thermal efficiency of power units (to the expected 
50%). However, the reduction of contaminants emission to the 
atmosphere and growth of efficiency level of the power units is 
connected with raising the steam parameters to the so-called 
supercritical parameters (service temperature of 600÷620
oC, 
steam pressure of ~25MPa). Elevating the temperature and steam 
pressure was related to the development and implementation of 
new steel grades into the industrial practice whose functional 
properties were higher than those of steels used so far in the 
power industry. New steel grades have been developed as a result 
of modification of chemical composition of the casts used before. 
Modifying the cast steel’s chemical composition most of all 
consisted in decreasing the carbon content and introducing 
additions and micro additions of a cast in order to raise the 
oxidation resistance (resistance to corrosion) and the creep 
resistance. 
The steels developed and introduced for usage in power 
industry as a result of numerous research projects are not only 
high-chromium martensitic steels, such as P/T – 91, P/T – 92 or   
E – 911, but also low-alloy bainitic steels T-23 and T-24 [1-3].  
Higher steam parameters applied in boilers, designed for 
operation under super- and ultra supercritical parameters, put 
higher demands not only for steels used in power industry but also 
for cast steels. Previously used steel casts (turbine bodies and 
cylinders, T-pipes, valve chambers, etc.) made of low-alloy Cr – ARCHIVES of FOUNDRY ENGINEERING Volume 10, Issue 3/2010, 89-94  90 
Mo or Cr – Mo – V cast steels fail to meet those requirements.  
All this contributed to the introduction of new high-chromium 
martensitic cast steels in the power industry. A number of new 
steel grades has been found and implemented, with their chemical 
composition similar to high-chromium steels. Among those steels 
there are: GX12CrMoVNbN91, GX12CrMoWVNbN10-1-1 or 
GX23CrMoV12-1. The fact that there are relatively few literature 
sources [4 - 6] concerning high-chromium cast steels assigned for 
operation under supercritical parameters has encouraged the 
author to study the subject matter of those materials. The paper 
presents the influence of the chosen multistage heat treatment 
types on the microstructure and mechanical properties of   
GX12CrMoVNbN9-1 (GP91) cast steel. 
 
 
2. Methodology of research 
 
Microstructural research was performed by means of an optic 
microscope - Axiovert 25 and scanning microscope - JOEL JSM -  
5400 on the conventionally prepared metallographic specimens 
etched with ferrous chloride. The tests were carried out on 
samples in the as-cast state (as-received condition) and after the 
heat treatment at the assumed parameters of temperature and time. 
Mechanical properties were examined according to the currently 
obeyed standards. The static tension test was made by means of 
the testing machine MTS – 810 on the test pieces with the initial 
gauge diameter of do = 8mm. Measurement of hardness was taken 
using the Vickers method with the load of 30 kg (294,2N), by 
means of the Future – Tech FV – 700 testing machine. Tests of 
impact energy were carried out on non-standard test pieces of the 
Charpy V type.  In the case of the static tensile test and the impact 
energy measurement, the presented results are the mean value of 
three tests, whilst the hardness value is the mean of five 
measurements. 
 
 
3. Research results and the analysis 
 
3.1. Material for research 
 
The material used for study was a cast steel of the following 
chemical composition: 0,12C, 0,49Mn, 0,31Si, 0,014P, 0,004S, 
8,22Cr, 0,90Mo, 0,12V, 0,07Nb, 0.04N. Chemical composition of 
the investigated alloy corresponded to GX12CrMoVNbN9 -1 
(GP91) cast steel. 
High volume fraction of chromium, the addition of 
molybdenum and the microadditions of vanadium and niobium 
provide good hardening capacity of the examined cast steel. 
Sections being ca. 50mm thick are hardened in the air, whilst the 
casts of larger sections require faster cooling from the 
austenitizing temperature; in modern steel foundries the polymers 
are used for cooling, however in the traditional ones the coolant is 
still oil [7, 8]. 
In order to eliminate samples with casting defects and provide 
similar macrostructure (with regard to the presence and size of 
columnar and equiaxed zones) the macrostructure of the cast steel 
was revealed – Fig. 1. Performed macroscopic study of GP91 cast 
steel proved the occurrence of initial structure consisting of two 
crystal zones: the outer equiaxed zone and the inner one – zone of 
free crystals (dendritic crystals). Size of the grains revealed in 
macroscopic research amounted even to  a few millimeters. Test 
pieces for research were taken from the equiaxed zones.  
 
 
 
Fig. 1. Macrostructure of GX12CrMoVNbN9 – 1 (GP91) cast  
steel, etched with Mi19Fe 
 
3.2. Heat treatment of the GX12CrMoVNbN9 
– 1 (GP91) cast steel 
 
The heat treatment parameters of temperature and time for   
the examined GP91 cast steel were taken from works [5, 6]. The 
applied parameters of heat treatment correspond to the treatment 
of casts of about dozen  tons under industrial conditions. GP91 
cast steel was heat-treated in two variants.    
The heat treatment parameters of temperature and time for 
GP91 cast steel are presented in Table 1, whilst Fig. 2 illustrates 
the scheme of heat treatment No. 1. 
 
Table 1. 
Heat treatment parameters of temperate and time for GP91 cast 
steel  
 Heat 
treatment 
Heat treatment parameters of temperate 
and time for GP91 cast steel 
No. 1  780 
oC/8h/furnace + 1040
 oC/12h/air +  
730 
oC/8h/air + 730 
oC/8h/furnace 
No. 2  1000
oC/15/furnace + 1100
 oC/12h/air +  
730 
oC/12h/air + 730 
oC/12h/furnace 
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3.3. Structure and properties of GP91 cast steel 
in the as-received condition  
 
Microstructure of the investigated cast steel in the as-received 
condition is presented in Fig  3. Observation of the GP91 cast 
steel microstructure in the as-received condition revealed a coarse 
grain lath martensitic microstructure with numerous carbides 
precipitated on boundaries of martensite laths (Fig. 3a).   
Magnifications of the transmission scanning microscopy also 
revealed, apart from the lath microstructure of martensite, 
numerous precipitations of carbides not only on lath boundaries 
but also on boundaries of former austenite grains and boundaries 
of martensite packets (Fig. 3b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Structure of the cast steel in the as-received condition: 
a) OM, b) SEM 
 
The GP91 cast steel properties of in the as-received condition 
are shown in Table 1. The properties of the investigated cast steel 
were higher than the required minimum demanded by the 
standards. (Demands made on the examined cast steel were taken 
from study [7]). The tensile strength and yield strength were 
higher that the required minimum by 7 and 2%, respectively, 
however the plastic properties, i.e. impact strength  and elongation 
were respectively over threefold and ca. 33% as high as the 
minimum. Hardness of the examined cast steel in the as-cast state 
amounted to 232HV30 (Table 2). 
Required mechanical properties in the as-received condition 
(Table 2) is what GP91 cast steel owes to the lath microstructure 
of low-carbon martensite (Fig. 3). Coarse grain structure of GP91 
cast steel in the as-received condition, through its refinement with 
the martensite laths, leads to an increase of strengthening with the 
mechanism of microstructure refinement (strengthening by grain 
boundaries) - Fig. 1. The influence of structure refinement with 
martensite laths on mechanical properties of steels has been 
described in paper [10]. High temperature of the beginning phase 
of martensite transformation Ms, amounting to 386 
oC for the 
investigated cast steel, creates the possibility of carbon diffusion 
which can lead to the precipitation processes, and at the same time 
to self-tempering of martensite in the examined cast steel. A 
similar process of martensite self-tempering in high-chromium 
steels has been characterized in papers [2, 11]. 
 
Table 2.  
  Mechanical properties of GP91 cast steel in the   
 as-received condition 
  TS 
MPa 
YS 
MPa 
El. 
% 
KV 
J  HV30 
in the as-
received 
condition 
644 506  20  94  232 
DIN [7] 
requirements 
600 
 ÷  
750 
min. 
500 
min. 
15  30 --- 
 
 
3.4. Microstructure and properties of GP91 
cast steel after heat treatment 
 
Heat treatment of GP91 cast steel contributed to obtaining 
fine grain microstructure of high-tempered martensite (Fig. 4). 
High temperature and long times of holding at the temperature of 
tempering and annealing contributed to precipitation of numerous 
carbides of diverse sizes. Precipitations of carbides were observed 
not only on grain boundaries of former austenite grain and 
boundaries of martensie laths, but also inside martensite grains 
(Fig. 4b,4d). One of the reasons for diverse size of carbides 
precipitated during tempering and annealing should be ascribed to 
the process of precipitation of carbides. The greatest 
precipitations of carbides occurred on grain boundaries of former 
austenite grain and boundaries of martensite needle packets. High 
energy of broad-angle boundaries of former austenite grains 
favours precipitation of carbides, while the stable boundaries 
favour their coagulation. On those boundaries, already in the 
initial phase of tempering, the M3C carbides were precipitating.  
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b)  d) 
Fig. 4. Microstructure of GP91 cast steel after heat treatment: a, b) no.1 treatment;  c, d) no. 2 treatment; etched with FeCl3, OM, SEM 
 
 
 
 
 
After their enrichment with atoms of carbide-forming 
elements, with  chromium  and  molybdenum   in   particular,   
they   were transformed into more thermodynamically stable 
M23C6 carbides through the „in situ” mechanism. Moreover, in the 
case of treatment No. 2  (Table 1) a greater refinement of 
microstructure was observed than in the case of treatment No. 1, 
due to twofold heating of the cast steel above the Ac3 temperature 
(Fig. 4c,d).   
Results of research on mechanical properties of GP91 cast 
steel after heat treatment are presented in Table 3 and Fig. 5.  
Performed research of mechanical properties of GP91 cast 
steel after heat treatment at the assumed parameters of 
temperature and time (Table 1), has proved that:  
Performed research of mechanical properties of GP91 cast 
steel after heat treatment at the assumed parameters of 
temperature and time (Table 1), has proved that:  
  in both: heat treatment No. 1 and 2 the value of yield strength 
is insignificantly lower than the required minimum. It should 
be surmised that tempering and annealing of the examined 
cast steel for long hours at the temperature of 730 
oC may lead 
to a decrease of strengthening with the dislocation mechanism 
through the processes of recovery and recrystallization of the 
matrix as well as to a decrease of solution strengthening as a 
result of the precipitation processes. Reduction of the 
dislocation density and concentration of carbon and alloy   
elements  in  the  matrix  leads  in consequence to lowering of 
the yield strength. A decrease of the matrix strengthening with 
the abovementioned mechanisms can be partly compensated 
with the precipitation strengthening by carbides of the M23C6 
and MC type. However, high temperature of tempering and 
annealing   – 730 
oC and long times of holding at this 
temperature can presumably contribute to the coagulation 
processes  of M23C6 carbides as well as the MC precipitates. 
This however can lead to a drop of precipitation strengthening 
and at the same time also to a decrease of the yield strength. 
  there is an increase of plastic properties and decrease of 
hardness in comparison with the as-received condition (Tables 
2, 3 and Fig. 5). The above results should be associated with 
the reduction of austenite grain size and decrease of  the 
matrix strengthening of the investigated cast steel as a result 
of tempering and annealing for long hours. Impact strength of ARCHIVES of FOUNDRY ENGINEERING Volume 10, Issue 3/2010, 89-94  93
GP91 cast steel after heat treatment was several times as high 
as the required minimum; 
  tensile strength of the cast steel in the as-received condition as 
well as after the heat treatment No. 1 and 2 were similar and 
higher than the standard requirements. 
 
Table 3. 
Mechanical properties of the GP91 cast steel after heat treatment 
 
TS 
MPa 
YS 
MPa 
El. 
% 
KV 
J 
HV30 
No.  1  645  493 23 135  204 
No.  2  676  491 22 154  215 
 
DIN [7] 
requirements 
600 
 ÷  
750 
min. 
500 
min. 
15 
min. 
30 
--- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Comparison of GP91 cast steel properties: a) strength ones, 
b) plastic ones; in the as-cast state and after heat treatment  
 
4. Summary 
 
The cast steel under investigation was a high-chromium 
martensic GX12CrMoVNbN9-1 (GP91) cast steel assigned for a 
cast with the capability to operate at supercritical parameters. The 
cast steel was tested in the as-cast state as well as after the heat 
treatment according to the assumed parameters of temperature and 
time (Table 1). In the as-received condition GP-91 cast steel was 
characterized by a coarse grain structure of low-carbon martensite 
with mechanical properties staying within the standard demands. 
Required properties in the as-received condition is what GP91 
cast steel owes to the strengthening of martensite due to the 
dislocation density and grain size reduction as well as to the 
precipitation strengthening with carbides. 
Regardless of the applied parameters of temperature and time, 
the heat treatment contributed to a reduction of the austenite grain 
size (Fig. 3, 4). In the case of heat treatment No.2 the grain size 
reduction was greater because of two-time heating of the 
investigated cast steel above the Ac3 temperature. Reduction of 
austenite grain size contributed to an increase of plastic properties 
and the impact strength in particular. (Table 3, Fig. 5b).  
The structure of high tempered marteniste obtained through 
heat treatment (Fig. 4) in GP91 cast steel was characterized by 
similar strength properties in comparison with the as-received 
condition (YS, TS) and higher plastic properties (El., RA, KV) 
(Table 1 and 2, Fig. 5). All of the mechanical properties of GP91 
cast steel, except the yield strength, met the minimum standard 
requirements. 
Moreover, is should be surmised that applying high 
temperatures of tempering and annealing, as well as holding GP91 
cast steel at these temperatures for long hours, will provide high 
stability of the microstructure of the examined cast steel which is 
essential in the aspect of long-term service of the casts at elevated 
temperatures. 
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